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HISTORICAL DIVERSIFICATION OF BIRDS IN NORTHWESTERN SOUTH AMERICA:
A MOLECULAR PERSPECTIVE ON THE ROLE OF VICARIANT EVENTS
ROBB T. BRUMFIELD1 AND A. P. CAPPARELLA2
Department of Biological Sciences, Illinois State University, Normal, Illinois 61790-4210
2E-mail: apcappar@rs6000.cmp.ilstu.edu
Abstract.-Studies of South American biodiversity have identified several areas of endemism that may have enhanced
historical diversification of South American organisms. Hypotheses concerning the derivation of birds in the Choc6
area of endemism in northwestern South America were evaluated using protein electrophoretic data from 14 taxo-
nomically diverse species groups of birds. Nine of these groups demonstrated that the Choc6 area of endemism has
a closer historical relationship to Central America than to Amazonia, a result that is consistent with phytogeographic
evidence. Within species groups, genetic distances between cis-Andean (east of the Andes) and trans-Andean (west
of the Andes) taxa are, on average, roughly twice that between Choc6 and Central American taxa. The genetic data
are consistent with the hypotheses that the divergence of most cis-Andean and trans-Andean taxa was the result of
either the Andean uplift fragmenting a once continuous Amazonian-Pacific population (Andean Uplift Hypothesis),
the isolation of the two faunas in forest refugia on opposite sides of the Andes during arid climates (Forest Refugia
Hypothesis), or dispersal of Amazonian forms directly across the Andes into the trans-Andean region (Across-Andes
Dispersal Hypothesis). Disentangling these hypotheses is difficult due to the complexity of the Andean uplift and to
the scant geologic and paleoclimatic information that elucidates diversification events in northwestern South America.
Regarding the divergence of cis- and trans-Andean taxa, the genetic, geologic, and paleoclimatic data allow weak
rejection of the Andean Uplift Hypothesis and weak support for the Forest Refugia and Andean Dispersal Hypotheses.
The subsequent diversification of Choc6 and Central American taxa was the result of Pleistocene forest refugia, marine
transgressions, or parapatric speciation.
Key words.-Andes, area of endemism, Aves, Choc6, historical biogeography, Pleistocene refugia, protein electro-
phoresis, systematics, vicariance.
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The tropical rain forests of South America have the highest
regional diversity of any ecogeographic unit identified (Ama-
don 1973; Pearson 1977; Remsen and Parker 1983; Wilson
1992). Several areas of endemism are thought to have played
important roles in generating high species diversity of South
American vertebrates (Cracraft 1985). Areas of endemism
contain large numbers of taxa whose distributions are re-
stricted to, or centered in, them. These areas of endemism
are identifiable most easily where they meet because the
boundary is typically associated with an obvious present-day
physiographic or climatic barrier. Early biologists noted the
geographic partitioning of species assemblages by the pres-
ence of distinct species on opposite banks of rivers and on
opposite sides of the Andes (Sclater and Salvin 1867; Wallace
1889; Hellmayr 1910; Snethlage 1913; Chapman 1917,
1926).
Areas of endemism are thought to be sites of long-term
climatic and geologic stability that have served as regions of
diversification for organisms occurring in humid lowland for-
est (Haffer 1969). Since it was proposed, the Forest Refugia
Hypothesis has been the most widely accepted mechanism
for diversification in the tropics (Mayr and O'Hara 1986),
and many researchers interpret the results in terms of Pleis-
tocene refugia (e.g., papers in Prance 1982a). Other vicariant
mechanisms such as the Andean uplift (Chapman 1917, 1926;
Cracraft and Prum 1988) and the arising of the extensive
river system in the Amazon basin (Sick 1967; Capparella
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1988, 1991; Patton et al. 1994) are considered ancillary by
adherents of the Forest Refugia Hypothesis.
The Choco area of endemism has one of the highest num-
bers of restricted floral and faunal taxa (subspecies, species,
genera) (Chapman 1917, 1926; Haffer 1967; Lellinger 1975;
Gentry 1982; Prance 1982b; Cracraft 1985). The Choco (=
Colombian-Pacific of Chapman) is a relatively isolated low-
land region of humid tropical forest in northwestern South
America, bordered on the west by the Pacific Ocean and on
the east by the Western Andean Cordillera (Fig. 1). It extends
south to the Golfo de Guayaquil, where arid vegetation be-
gins. The northern border is the Rio Atrato Delta, and the
Pacific coastal ranges of Panama (Haffer 1970). Central Cho-
co is the only place in the Neotropics where tropical pluvial
forest occurs (Haffer 1970; Gentry 1982).
Haffer (1967, p. 49) tabulated general distributional pat-
terns for 332 bird species that occur in the Choco. Most
(43.1 %, N = 143) are continuously distributed from the low-
lands of the Choco and Central America to the lowlands east
of the Andes with no major distributional or taxonomic
breaks. The next largest groups (N = 126) are composed of
birds with distinct species (23.8%, N = 79) and subspecies
(10.6%, N = 35) on opposite sides of the Andes. Twelve
additional Choco taxa represent distinct genera. Of the 126
trans-Andean taxa that are taxonomically distinct from their
cis-Andean relatives, 59 are distributed continuously with no
taxonomic differentiation from the Choco to Central America
and 31 have taxonomically distinct populations in the Choco
and Central America.
Four hypotheses have been proposed to explain the deri-
vation of the Choco avifauna. We evaluated proposed hy-
potheses for a taxonomically diverse group of Choco endemic
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FIG. 1. Present distribution of vegetation in northwestern South America and southern Middle America. Modified from Haffer (1975).
Mountains above 1000 m elevation are in black. (I) Mountains of Costa Rica and Panama; (2) Serranfa del Darien; (3) Cerro Pirre; (4)
Western Andean Cordillera; (5) Central Andean Cordillera (6) Magdalena Valley; (7) Eastern Andean Cordillera; (8) Sierra Nevada de
Santa Marta; (9) Sierra de Perij a; (10) Merida Andes; (II) Lake Valencia; (12) Andalucia pass; (13) Table mountains of southern
Venezuela. Diagonal lines represent evergreen (wet and pluvial) forest. Vertical dashed lines represent seasonal (moist and dry) forest
near savanna regions. Squares represent xerophytic vegetation. Blank areas represent grass savanna, gallery forests, and agricultural
areas.
avian taxa. Although the hypotheses are theoretically not mu-
tually exclusive, one hypothesis should prevail as the dom-
inant explanation if this regional avifauna shares a common
history (Humphries et al. 1988). We follow Haffer's (1967)
usage of trans-Andean for the tropicallowlands west of the
Andes and cis-Andean for those east of the Andes.
Andean Uplift Hypothesis
Chapman (1917, p. 110) hypothesized that the Choco avi-
fauna resulted from once continuous Amazonian-Pacific low-
land forest populations that were fragmented by the Andean
uplift. This hypothesis predicts that the Choco and Central
America have a closer historical relationship. Because most
cis- and trans-Andean populations are isolated by the Eastern
Andean Cordillera, this hypothesis makes the additional pre-
diction that the final uplift of the Eastern Andean Cordillera
represents an upper boundary for divergence dates between
cis- and trans-Andean taxa. Chapman (1917, 1926) did not
propose a mechanism for the divergence of Central American
and Choco taxa.
Forest Refugia Hypothesis
Haffer (1967, p. 25) linked the origin of the Choco avifauna
with his Forest Refugia Hypothesis (Haffer 1969), arguing
that after the uplift of the Andes, cis- and trans-Andean pop-
ulations remained connected during humid climatic condi-
tions via a dispersal corridor in the Caribbean lowlands
around the northern end of the Andes. Haffer (1967) proposed
that climatic fluctuations caused the periodic fragmentation
of the corridor forests around the north end of the Andes and
the corridor forests between the Choco and Central America,
leading to the allopatric divergence of Amazonian, Central
American, and Choco taxa.
To accommodate the close zoogeographical relationship
between the Choco and Central American fauna, Haffer
(1967, p. 25) proposed that their geographic proximity re-
sulted in a more intensive faunal exchange during the humid
periods than the exchange between the trans- and cis-Andean
regions. Although this implies that the Choco and Central
America have a closer historical relationship to each other
than either region has to Amazonia, the hypothesis does not
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explicitly predict which regions share a closer historical re-
lationship. It does predict, however, that diversification of
taxa in the three regions began in the Pleistocene and occurred
as recently as the late Pleistocene.
Chapman (1926) observed that the Choco in Colombia and
northwestern Ecuador harbors a more diverse assemblage of
avian taxa than the Choco in western Ecuador. Although this
could simply reflect changes in suitable habitat (Chapman
1926), the Forest Refugia Hypothesis provides an alternative
explanation by assuming that birds entered the Choco from
around the north end of the Andes. In contrast, the Andean
Uplift Hypothesis would predict, given suitable habitat,
equivalent amounts of diversity throughout the Choco.
As originally postulated, the Forest Refugia Hypothesis
proposed the creation of forest refugia through the effects of
Pleistocene climatic fluctuations (Haffer 1967, 1969). Most
workers who have invoked the hypothesis have restricted
their interpretation to the Pleistocene (e.g., papers in Whit-
more and Prance 1987). The most recent version of the Forest
Refugia Hypothesis is, however, free of any temporal restric-
tions (Haffer 1993). We limited this paper to the testing of
hypotheses that have been proposed directly about the der-
ivation of the Choco avifauna, and so do not address the
latest version of the Forest Refugia Hypothesis.
Across-Andes Dispersal Hypothesis
Haffer (1967) tabulated 31 (9.3%) Choco taxa whose clos-
est Amazonian relative occurs in upper Amazonia rather than
Venezuela, or whose cis-Andean representative is restricted
to central or southern Amazonia (Haffer 1967). Also included
were Choco taxa whose trans-Andean distribution is restrict-
ed to western Ecuador. Chapman (1917, 1926) and Haffer
(1967) interpreted trans-Andean taxa with these distributional
patterns as derived from Amazonian populations that dis-
persed directly across the Andes. The Loja Valley in southern
Ecuador and the Porculla Pass (Rio Marafion Valley, 2150
m) in northern Peru were proposed as possible dispersal
routes (Chapman 1917, 1926; Haffer 1967). Due to "eco-
logical reasons," Haffer (1967) rejected Chapman's (1926,
p. 44) hypothesis of a potential dispersal corridor over the
Andalucia Pass in Colombia.
The Across-Andes Dispersal Hypothesis predicts that di-
vergence occurred sometime after the final uplift of the An-
des. Because the tropical zone reaches a higher elevation on
the eastern slope (1500 m in Ecuador) than the western slope
of the Western Andean Cordillera (600-1200 m in Ecuador
and Colombia) (Chapman 1926, p. 33), a dispersal bias from
the cis-Andean region to the trans-Andean region is implicit.
By assuming that dispersal across the Andes is rare and is
biased towards cis- to trans-Andean crosses, the hypothesis
makes the additional prediction that divergence among cis-
and trans-Andean taxa occurred prior to divergence between
Choco and Central American taxa. It therefore makes the
same predictions as the Andean Uplift Hypothesis, except
that divergence events between cis- and trans-Andean taxa
began after the final uplift of the Andes and still continue.
Central American Dispersal Hypothesis
Chapman (1926, p. 62), Griscom (1932, 1935), and Haffer
(1967, p. 19) proposed that some Choco taxa are derived
from Central American birds that dispersed southward into
the Choco. Haffer (1967, p. 50) estimated that only 6.6% (N
= 22) of the Choco avifauna is of Central American stock.
This hypothesis is based mainly on taxa whose distributions
are solely trans-Andean, and that do not possess clear rela-
tionships to Amazonian taxa (e.g., Rhynchortyx cinctus, Hy-
lomanes momotula, Gymnocichla nudiceps, and Oncostoma
olivaceum). Because this paper is principally concerned with
the biogeographic relationships of taxa whose distributions
include the Choco, Central America, and Amazonia, this hy-
pothesis is not evaluated further.
METHODS
Phylogenetic relationships among endemic Choco, Central
American, and Amazonian forms in 14 species groups of
birds from eight families were estimated using markers from
isozyme electrophoresis (Table la). Gymnopithys leucaspis
data are from Hackett (1993). Collecting localities appear in
Appendix A. Genetic distances (Nei 1978) across the Andes
were calculated by averaging the distances between Choco
and Amazonian taxa and between Central American and Am-
azonian taxa. The species groups examined were chosen be-
cause each has an endemic form in the Choco, Central Amer-
ica, and Amazonia that is restricted to humid lowland forest.
Some comparisons are among currently recognized species
and some are among currently recognized subspecies. Be-
cause the current taxonomic category of most of these groups
is based entirely on morphology, which can be an unreliable
indicator of the amount of genetic differentiation (e.g., Cap-
parella and Lanyon 1985; Capparella 1988), species and sub-
species comparisons were pooled. With the exception of G.
leucaspis, none of the species groups examined are known
to be monophyletic. Unfortunately, there have been relatively
few phylogenetic analyses of Neotropical birds, and a phy-
logenetic revision of each of the species groups examined
was beyond the scope of this study.
To further disentangle the Andean Uplift, Forest Refugia,
and Andean Dispersal Hypotheses, levels of genetic differ-
entiation across the Andes were examined in an additional
15 species from eight families (Tables 1b,c). Levels of genetic
differentiation between Choco and Central American popu-
lations of the same subspecies were assessed in six species
from six families to elucidate the effect of geographic dis-
tance on genetic distance (Table lc).
Horizontal starch-gel protein electrophoresis was used to
generate genetic data (Harris and Hopkinson 1976). Samples
of heart, liver, and muscle were taken within 3 h of death
and stored in liquid nitrogen (-196°C). Tissue homogenates
were prepared by grinding equal amounts of heart, liver, and
pectoral muscle in 1 ml of distilled water. The mixture was
spun in a Beckmann 12-21 centrifuge (JA-14 rotor) at 7000
rpm for 35 min, and the resulting supernatant frozen (- 80°C)
for subsequent electrophoretic experiments. All gels were
12% starch. Isozymes were electrophoresed for 11 h at 40
rrtA. Buffer conditions are available on request. Twenty-six
to 40 presumed genetic loci were resolved depending on the
species group (Appendix B). Electromorphs were coded by
their relative mobility from the origin.
The computer program FREQPARS (available via anon-
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TABLE 1. Taxa examined in this study. Sample sizes in parentheses. (A) Fourteen taxa whose phylogenetic relationships and level of
divergence were used to evaluate proposed hypotheses concerning the origin of the Choco avifauna. (B) Taxa with cis- and trans-Andean
distribution whose level of genetic divergence was determined. (C) Taxa used to evaluate the effect of genetic distance on geographic
distance. These taxa were also used to examine the level of genetic divergence across the Andes.
(A) THREE AREA COMPARISONS
Choco taxon
Threnetes ruckeri ruckeri (3)
Eutoxeres aquila heterura (3)
Trogon rufus cupreicauda (3)
Sclerurus mexicanus obscurior (3)
Xenops minutus littoralis (3)
Dendrocolaptes certhia colombianus (6)
Microrhopias quixensis consobrina (3)
Gymnopithys leucaspis aequatorialis (3)
Mionectes olivaceus hederaceus (4)
Tityra semifasciata nigriceps (2)
Microcerculus marginatus taeniatus (3)
Cyphorhinus phaeocephalus phaeocephalus (4)
Turdus albicollis daguae (4)




T. r. ventosus (5)
E. a. salvini (3)
T. r. tenellus (1)
S. m. pullus (2)
X. m. ridgwayi (3)
D. c. sanctithomae (1)
M. q. virgata (2)
G. 1. olivascens (3)
M. o. olivaceus (4)
T. s. costaricensis (2)
M. luscinia (4)
C. p. lawrencii (1)
T. a. cnephosus (1)
C. s. arguta (5)
Amazonian taxon
T. leucurus cervinicauda (4)
E. a. aquila (2)
T. r. sulphureus (2)
S. m. peruvianus (2)
X. m. neglecta (3)
D. c. radio latus (2)
M. q. quixensis (3)
G. I. castanea (3)
M. o. fasciaticollis (5)
T. s. fortis (2)
M. m. marginatus (5)
C. aradus salvini (5)
T. assimilis spodiolaemus (6)
C. s. caerulescens (2)
Amazonian taxon
Geotrygon saphirina purpurata (3)
Pyrrhura melanura pacifica (3)
Amazona farinosa inornata (3)
Automolus rubiginosus nigricauda (5)
Dendrocincla fuliginosa ridgwayi (2)
Myiophobus phoenicomitra litae (7)
Chloropipo holochlora litae (5)
Microbates cinereiventris cinereiventris (2)
Tersina viridis occidentalis (2)
(C) POPULATION COMPARISONS (INCLUDES AN ACROSS-ANDES COMPARISON)
Choco taxon Central America
G. s. saphirina (3)
P. m. souancei (2)
A. f farinosa (1)
A. r. moderatus (2)
D. f neglecta (2)
M. p. phoenicomitra (2)
C. h. holochlora (7)
M. c. peruvianus (2)
T. v. occidentalis (2)
Amazonian taxon
Pion us menstruus rubrigularis (1)
Baryphthengus martii semirufus (5)
Glyphorynchus spirurus sublestus (5)
Myrmotherula axillaris albigula (4)
Myiobius sulphureipygius (5)
Pitylus grossus saturatus (4)
P. m. rubrigularis (4)
B. m. semirufus (4)
G. s. sublestus (5)
M. a. albigula (5)
M. sulphureipygius (1)
P. g. saturatus (2)
P. m. menstruus (3)
B. m. martii (5)
G. s. rufigularis (5)
M. a. melaena (4)
M. barbatus (5)
P. g. grossus (2)
ymous ftp from onyx.si.edu; see Swofford and Berlocher
1987) was used to estimate phylogenetic relationships within
each of the species groups. FREQPARS implements a par-
simony method for polymorphic character data that assigns
(for any given tree) a set of ancestral allele-frequency arrays
that minimize the total amount of frequency change implied
by the reconstruction, with change measured in terms of Man-
hattan distance between nodes (the "MANAD" criterion).
Although our sample sizes are small, Swofford and Berlocher
(1987) demonstrated that methods of analysis that incorporate
frequency information are less sensitive to sampling error
than coarser "presence-absence" coding strategies. Input
treefiles for FREQPARS analysis were created by construct-
ing a single tree of all taxa using MacClade 3.01 (Maddison
and Maddison 1992) on an Apple Macintosh Ilfx. This file
was opened in PAUP (Swofford 1993) and each taxon was
assigned a unique state for a single dummy character. A user
tree file was created by saving in FREQPARS format all trees
from an exhaustive PAUP search with the "collapse zero-
length branches" option unselected. FREQPARS analyses
were run on a SUN SPARC 630mp computer work station.
Trees were rooted using a congeneric outgroup (Appendix
A). When the ingroup was a monotypic genus, or in groups
for which no congeneric outgroup material was available, an
outgroup was chosen based on the authors', or an authority
on the group's, opinion (see Acknowledgments section). Phy-
logenetic relationships within species groups were considered
unresolved if the most parsimonious tree was less than 1.5
steps shorter than the next most parsimonious (Table 2).
BIOSYS-l version 1.7 (Swofford and Selander 1981) was
used to compute genetic distances (Rogers 1972; Nei 1978).
UPGMA phenograms (Sneath and Sokal 1973), Distance-
Wagner trees (Farris 1981), and FITCH networks (Fitch and
Margoliash 1967; Felsenstein 1990) were also derived from
the data. Only the results of the Distance-Wagner analysis
are presented here because the general conclusions were the
same for all phenetic analyses. Area cladograms were derived
by substituting taxa with the area in which they occur.
RESULTS AND DISCUSSION
Patterns and Levels of Differentiation
To ensure that the subspecies examined in this study rep-
resented distinct evolutionary "units," two distant trans-An-
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TABLE 2. Summary of area relationships estimated from Distance-Wagner and frequency parsimony analysis (FREQPARS). Because
of the small sample sizes, FREQPARS relationships were considered unresolved if most parsimonious tree differed by less than 1.5
steps. Resolved FREQPARS relationships are robust. FREQPARS conclusion for Gymnopithys leucaspis based on parsimony analysis
with loci coded as multi state characters (Hackett 1993).
FREQPARS
Distance-
Number of steps for each topology
Estimated
Taxon Wagner C(CA,A) CA(C,A) A(C,CA) relationship
Threnetes ruckeriiT, leucurus A(C,CA) 22.2 21.4 22.0 unresolved
Eutoxeres aquila C(CA,A) 8.3 8.7 8.3 unresolved
Trogon rufus A(C,CA) 15.3 15.3 13.7 A(C,CA)
Sclerurus mexicanus A(C,CA) 14.8 14.5 12.8 A(C,CA)
Xenops minutus A(C,CA) 34.3 34.3 30.3 A(C,CA)
Dendrocolaptes certhia A(C,CA) 19.0 19.0 16.5 A(C,CA)
Microrhopias quixensis A(C,CA) 16.3 15.8 16.5 unresolved
Gymnopithys leucaspis CA(C,A) unresolved
Mionectes olivaceus A(C,CA) 17.5 18.8 16.8 unresolved
Tityra semifasciata A(C,CA) 23.0 23.0 22.5 unresolved
Microcerculus marginatusiM, luscinia CA(C,A) 16.8 15.2 17.1 CA(C,A)
Cyphorhinus araduslC. phaeocephalus C(CA,A) 14.9 14.5 14.9 unresolved
Turdus albicollislT. assimilis A(C,CA) 21.3 21.1 21.0 unresolved
Chlorophanes spiza C(CA,A) 28.1 20.4 18.4 A(C,CA)
TOTALS
Amazonia (Choco, Central America) 9 5
Choco (Central America, Amazonia) 3 0
Central America (Choco, Amazonia) 2 1
Unresolved 0 8
dean populations of the same subspecies were examined in
six species from six families (Table 3c). The average amount
of genetic divergence among these populations was compared
to the amount found between two distant trans-Andean pop-
ulations of distinct subspecies in 14 species groups from eight
families (Table 3a). Although the genetic distance between
the populations averaged 0.015 ± 0.026 (range 0.001 in Pi-
tylus grossus to 0.065 in Pionus menstruus), the average ge-
netic distance between subspecies was 0.039 ± 0.031 (range
0.001 in Microrhopias quixensis to 0.091 in Chlorophanes
spiza) (Table 3a). The higher genetic distances among sub-
species relative to within subspecies (i.e., populations) in-
dicate that the subspecies examined in this study were prob-
ably evolutionary "units." We note, however, that differ-
entiation detected among subspecies could be clinal, and that
sampling error could account for the difference in magnitude.
The FREQPARS analysis revealed that five of the six spe-
cies groups with resolved relationships showed a closer phy-
logenetic relationship between the Central American and
Choco taxa (Table 2); the Distance-Wagner analysis revealed
that nine of the 14 species groups showed a closer relationship
between the Central American and Choco taxa. The majority-
rule area cladogram from these analyses indicates that two
sequential diversification events are required to explain the
origin of most Choco taxa, one for each node (Fig. 2). An
older first event resulted in the divergence of populations east
of the Andes in Amazonia from populations west of the Andes
in the Choco and Central America; a subsequent event re-
sulted in the divergence of Choco populations from Central
American populations. This result confirms other studies that
have examined the biogeographic relationships of Choco or-
ganisms (Cracraft and Prum 1988; Prum 1988). Unfortu-
nately, this area cladogram is consistent with all but the Cen-
tral American Dispersal Hypothesis.
The genetic distances exhibited one striking pattern that
is largely independent of the sampling error inherent in allo-
zyme comparisons of unrelated taxa using varying numbers
of loci (Appendix B). Of the nine groups with congruent
biogeographic relationships based on the Distance-Wagner
analysis, eight exhibited genetic distances between cis- and
trans-Andean taxa that are approximately twice that between
the Choco and Central American taxa (Table 3a). The nine
groups that showed congruent area relationships based on the
Distance-Wagner analysis had an average genetic distance
across the Andes of 0.078 ± 0.058 (range 0.010 in M. quix-
ensis to 0.147 in Sclerurus mexicanus). When these nine spe-
cies groups are lumped with the additional 15 across-Andes
comparisons (Table 3b,c), the average genetic distance value
is 0.056 ± 0.049 (range 0.000 in P. grossus to 0.147 in S.
mexicanus). Genetic distances between Choco and Central
American taxa in the nine groups that showed congruent area
relationships based on the Distance-Wagner analysis aver-
aged only 0.027 ± 0.025 (range 0.001 in M. quixensis to
0.081 in S. mexicanus) (Table 3a).
One prediction of the Andean Uplift Hypothesis is that the
final uplift of the Eastern Cordillera, the youngest Andean
range, represents an upper boundary for divergence dates
between cis- and trans-Andean taxa. Therefore, levels of ge-
netic divergence between cis- and trans-Andean taxa should
be greater than levels between Choco and Central American
taxa. This pattern was observed. The Forest Refugia Hy-
pothesis predicts that divergence occurred sometime after the
final uplift of the Andes, but makes no explicit predictions
regarding biogeographic relationships among the taxa or the
relative amount of genetic divergence among taxa. This lack
of predicting power makes the hypothesis difficult to reject,
and may help explain its pervasion as an explanation for
diversification in the Neotropical lowlands. The Across-An-
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FIG. 2. Area relationships found in 9 of 14 species groups esti-
mated from the Distance-Wagner analysis, and in 5 of 6 species
groups with resolved relationships from the FREQPARS analysis.
The two nodes represent distinct sequential vicari ant events.
merged (Megard 1992). The gradual uplift of the Andes with
the concomitant foresting of the western coastal lowlands
could have resulted in trans-Andean populations of Ama-
zonian stock (Chapman 1917). Currently, the Merida Andes
(= Eastern Andean Cordillera in Venezuela), along with the
drier vegetation north and south of this mountain range, rep-
resent a boundary between spatially isolated populations of
humid lowland forest birds east and west of the Andes (Chap-
man 1926, p. 45; Hilty and Brown 1986; Fig. 1). The diffi-
culty in identifying the precise vicariant event associated with
the Andean uplift that isolated cis- and trans-Andean popu-
lations has been noted (Cracraft and Prum 1988). The entire
Andean region has been characterized by substantial tectonic
complexity that produced many potential barriers during its
uplift (Irving 1975). In addition, marine transgressions as-
sociated with the formation of the Isthmus of Panama could
have isolated populations east and west of the Andes (Dengo
1985; Smith 1985; Duque-Caro 1990a,b; Gallup et al. 1994).
The main uplift of the three northern Andean Cordilleras
occurred 5-3 M.Y. before Quaternary climatic fluctuations
and glaciations (Irving 1975; Kellogg 1984; Megard 1992).
The final uplift of the Eastern Cordillera, which represents
the current barrier between most cis- and trans-Andean pop-
ulations, occurred by 2.74 ± 0.63 M.Y.B.P. (Helmens and
van der Hammen 1994). On the basis of the current geologic
and paleoclimatic information, the Andean Uplift, Forest Re-
fugia, and Andean Dispersal Hypotheses are all consistent
with approximately 2-3 M.Y.B.P. as the earliest date of di-
versification of cis- and trans-Andean taxa. One unique pre-
diction of the Andean Uplift Hypothesis, however, is that the
final uplift of the Eastern Andean Cordillera represents an
upper boundary for divergence between cis- and trans-An-
dean taxa. That some taxa (e.g., M. quixensis, Tityra semi-
fasciata) exhibit little across-Andes genetic divergence does
not support termination of gene flow with the final uplift of
the Eastern Andean Cordillera approximately 2-3 M.Y.B.P.









































(A) THREE AREA COMPARISONS
TABLE 3. Genetic distance values (Nei 1978) among taxa exam- CHOCO
ined. Species groups followed by an asterisk show a closer phy-
logenetic relationship between the Choc6 and Central America

































des Dispersal Hypothesis predicts the observed closer rela-
tionship between the Choco and Central America, but differs
from the Andean Uplift Hypothesis regarding the age of di-
vergence of cis- and trans-Andean taxa.
Age of divergence estimates based on a molecular clock
would be invaluable in testing the hypotheses. However, be-
cause of the large sampling error, the lack of an adequate
calibration for the avian allozyme clock, and the controversy
over the tempo of protein evolution, genetic distances were
not converted to an age estimate. Instead, geologic and pa-
leoclimatic data were used to evaluate each hypothesis in
light of the genetic evidence.
Andean Uplift Hypothesis
Before the uplift of the Andes, the coastal lowlands of
Ecuador and Colombia that comprise the Choco were sub-
Forest Refugia Hypothesis
Several criticisms of the Forest Refugia Hypothesis exist,
including controversy over whether glacial periods were
DIVERSIFICATION IN NORTHWESTERN SOUTH AMERICA 1613
characterized by humid or by arid climates in the Neotropics
(Connor 1986), and how climatic fluctuations affected the
lowland humid rain forest (Leyden 1985; Liu and Colinvaux
1985; Colinvaux 1989; Bush et al. 1992; Flenley 1993). Haf-
fer's (1967) seminal paper on the effects of Pleistocene cli-
matic fluctuations characterized northwestern South America
as humid during the glacial periods and as arid during the
interglacial periods (Wilhelmy 1954). For the rest of Ama-
zonia, Haffer characterized the glacial periods as arid, and
the interglacials as humid (Haffer 1987). Although papers in
Prance (1982a) and Whitmore and Prance (1987), along with
a recent review (van der Hammen and Absy 1994), charac-
terize glacial maxima as periods of increased aridity, the
extent to which this is true remains unclear (Stute et al. 1995).
Clapperton (1993) recently proposed that the lowlands of
northwestern Colombia consisted of rainforest during the last
glacial maximum.
Resolution of this dilemma is critical for explaining the
role of refugia in the diversification of cis- and trans-Andean
populations. Haffer (1967) maintained that the uplift of the
Andes only had an indirect effect by the creation of a narrow
dispersal corridor around the northern end of the Andes. For
the Forest Refugia Hypothesis to remain viable, the glacial
periods must be the ones characterized by humid climates
because the current climatic regime (interglacial) shows no
continuous humid, lowland forest around the northern end of
the Andes (Hueck and Siebert 1972; Fig. 1). In addition,
without the lowered sea level associated with glacial periods,
there would exist no broad dispersal corridor around the
northern end of the Andes. Unfortunately, there exists in-
sufficient evidence to elucidate fully the specific effects of
climatic fluctuations on humid lowland forest.
Analysis of a sediment core taken from Lake Valencia
(elev. 402 m) near the Merida Andes (Fig. 1) showed a pos-
itive correlation between low elevation aridity and high el-
evation glaciation, and between rising sea levels and moister
climates (Bradbury et al. 1981). This implicates glacial pe-
riods in the creation of arid climates near the north end of
the eastern Andes. The area around Lake Valencia has been
postulated to be a Pleistocene refugium based on anoline
lizards (Vanzolini and Williams 1970), plants (Prance 1973),
and butterflies (Brown et al. 1974). In an analysis of a Lake
Valencia core, Leyden (1985) found no evidence supporting
the region as a Pleistocene refugium, and concluded that,
"Pleistocene refugia in the Neotropics have yet to be doc-
umented by paleoecological data."
On the whole, the paleoclimatic and geologic evidence
provides equivocal evidence for the Forest Refugia Hypoth-
esis. One prediction of the Forest Refugia and Northern An-
dean Dispersal Hypotheses, however, is that periods of di-
versification occurred cyclically with the climatic fluctuations
so that cis- and trans-Andean divergence events occurred
from the advent of Pleistocene climatic fluctuations to the
most recent glacial maximum 35-10 T.Y.B.P. (Stute et al.
1995). Although the broad dispersion of across-Andes genetic
distances (range 0.000 in P. grossus to 0.194 in S. mexican us)
is consistent with cyclical divergence events, sampling error
likely contributes to this pattern. That some taxa (e.g., M.
quixensis, T. semifasciata, P. grossus) exhibit little across-
Andes genetic divergence supports relatively recent diver-
sification events in some taxa. The genetic data therefore
provide weak support for the Forest Refugia and Northern
Andean Dispersal Hypotheses in the divergence of cis- and
trans-Andean taxa.
Of the proposed hypotheses, only the Forest Refugia Hy-
pothesis postulates a mechanism for the diversification of
Choc6 and Central American taxa. One tenet of the Forest
Refugia Hypothesis is that because high-elevation sites are
currently wetter than low-elevation lands, these regions
should have been wetter during the Pleistocene climatic fluc-
tuations. If the lowlands became arid, the elevated regions
should have supported a rain forest that was capable of serv-
ing as a refuge. Extensive analyses of cores taken at mid-
elevations in central Panama, however, have revealed few
lowland pollen and phytolith taxa, implying that temperatures
at this elevation were too cold to support an unchanged "re-
fugial" lowland forest (Bush and Colinvaux 1990; Bush et
al. 1992).
The absence of any obvious current barrier between the
Choc6 and Central America makes resolution of the event(s)
that resulted in their diversification difficult. Interchange of
savanna-adapted mammals during the late Pliocene and Pleis-
tocene points to a Pleistocene interruption of lowland forest
between the two regions, supporting the Forest Refugia Hy-
pothesis (Webb 1978). In addition, higher sea levels asso-
ciated with interglacial periods may have removed dispersal
corridors between Central and South America (Haffer 1974;
Gallup et al. 1994).
One alternative hypothesis for the divergence of Choc6
and Central American taxa is Endler's (1977) Parapatric Di-
vergence Hypothesis. He proposed that strong, disruptive se-
lection along a steep ecological cline can be sufficient to
produce speciation without cessation of gene flow. There is
little symmetry, however, in the location of contact zones
between Choc6 and Central American taxa that would in-
dicate a strong ecological cline (Haffer 1967). An exami-
nation of the contact zone for each species will be necessary
to evaluate the applicability of this hypothesis in the diver-
sification of Choc6 and Central American taxa.
Across-Andes Dispersal Hypothesis
In this study, both M. quixensis and G. leucaspis have dis-
tributions wherein the Amazonian representative does not
occur near the Merida Andes, suggesting that these taxa
crossed into the trans-Andean region by dispersal directly
across the Andes in southern Ecuador or northern Peru (Haf-
fer 1967, p. 24). The phylogenetic relationships of both spe-
cies were unresolved by the FREQPARS analysis. The Dis-
tance-Wagner analysis, however, revealed that Choc6 and
Central American populations of M. quixensis are closer phy-
logenetically. This is consistent with the prediction of the
Andean Uplift Hypothesis that trans-Andean populations di-
versified after dispersal of the cis-Andean form into the trans-
Andean region. Although the Distance-Wagner analysis re-
vealed a closer phylogenetic relationship between the Choc6
and Amazonian populations of G. leucaspis, an accurate es-
timate of relationships among the three areas for this species
may not be possible with isozymes. For instance, the UPGMA
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phenogram revealed that the Choco and Central American
populations are more similar (Hackett 1993).
Dispersal across the northern Andes would explain the
higher diversity in the northern Choco (Chapman 1926). The
Andalucia pass (2310 m; Fig. 1) represents a low gap in the
Eastern Cordillera of southern Huila, Colombia, that could
have provided a dispersal corridor between Amazonia and
the trans-Andean Magdalena Valley (Chapman 1926). Haffer
(1967) rejected the Andalucia pass as a potential dispersal
corridor based on Miller's (1952) assertion that the current
(our emphasis) ecological conditions (cloud forest) are not
suitable for lowland taxa. We support Chapman's (1926) as-
sertion that dispersal directly across the northern ranges rep-
resents a viable hypothesis for the divergence of cis- and
trans-Andean faunas that are restricted to humid lowland for-
est. Although the effect of climatic fluctuations on the dis-
tribution of humid lowland forest remains controversial
(Connor 1986), the effect of climatic fluctuations on eleva-
tional shifts of vegetation is well documented (Heusser and
Shackleton 1991; Hooghiemstra and Sarmiento 1991; Hel-
mens and van der Hammen 1994; Salgado-Labouriau 1991).
These shifts could have periodically created dispersal cor-
ridors through the Andes at low elevation gaps. As stated
earlier, the broad dispersion of across-Andes genetic dis-
tances is consistent with cyclical divergence periods, al-
though sampling error likely contributes to this pattern.
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ApPENDIX A
Collecting localities for Choco (C), Central American (CA), and Am-
azonian (A) taxa used in this study (ANSP = Academy of Natural
Sciences of Philadelphia; FMNH = Field Museum of Natural History;
ISU = Illinois State University; LSUMZ = Louisiana State University
Museum of Zoology; USNM = United States National Museum of
Natural History). Taxon family in parentheses. Specimen number refers
to frozen tissue inventory number. Country acronyms are BE = Belize,
BO = Bolivia, CR = Costa Rica, EC = Ecuador, ME = Mexico, PA
= Panama, and PE = Peru.
Geotrygon saphirina (Columbidae): C: EC: provo Esmeraldas; "EI
Placer, ca. 670 m" (LSUMZ 11720,11835,11974). A: EC: provo Mo-
rona-Santiago; ca. 5 km SW Taisha (ANSP 2592, 2638, 2650). Pyrrhura
melanura (Psittacidae): C: EC: provo Esmeraldas; "EI Placer, ca. 670
m" (LSUMZ 11702, 11845, 11882). A: PE: depto. Loreto; 5 km N
Amazonas 85 km NE Iquitos, 110 m (LSUMZ 6946, 6957). Pionus
menstruus (Psittacidae): C: EC: provoEsmeraldas; ca. 20 km NNW Alto
Tambo, 275 m (ANSP 2300). CA: PA: provo Bocas del Toro; Isla San
Cristobal, Bocatorito (USNM 277, 31 I); Tierra Oscura, mainland S. of
Isla San Cristobal (USNM 551); Valiente Peninsula, Punta Alegre, N.
Bahia Azul (USNM 1402). A: PE: depto. Ucayali; W. bank Rio Shesha,
65 km NNE Pucallpa (LSUMZ 10513); BO: depto. Santa Cruz; Velasco,
32 km E Aserradero Moira, pre-Parque Noel KempffMercado (LSUMZ
12351); depto. Beni; 50 km by road N Yacumo, 575 m (LSUMZ 6804).
Amazona farinosa (Psittacidae): C: EC: provo Esmeraldas; ca 20 km
NNW Alto Tambo, 275 m (ANSP 2128, 2199, 2233). A: PE: depto.
Ucayali; W. bank Rio Shesha, 65 km ENE Pucallpa (LSUMZ 10625).
Threnetes ruckeri/T. leucurus (Trochilidae): C: EC: provo Esmeraldas;
ca. 20 km NNW Alto Tambo, 275 m (ANSP 2264, 2292, 2386). CA:
PA: provo Bocas del Toro; Isla San Cristobal, Bocatorito (USNM 357,
392); Tierra Oscura, mainland S. of Isla San Cristobal (USNM 524);
Cayo Agua, near Punta Limon (USNM 1218); prov, Chiriqui; 12.6 rd
km N Los Planes/Gualaca-Chiriqui Grande Rd (USNM 1462). A: EC:
provo Morona-Santiago; ca. 5 km SW Taisha (ANSP 1423, 1447, 1625,
2685). Outgroup: Glaucis hirsuta (FMNH 9618). Eutoxeres aquila (Tro-
chilidae): C: EC: provo Esmeraldas; ca. 20 km NNW Alto Tambo, 275m
(ANSP 2288, 2337, 2341). CA: PA: provo Bocas del Toro; 5 km W.
Chiriqui Grande (USNM 2041). PA: prov. Chiriqui; 12.6 and 23.3 rd
km N Los Planes/Gualaca-Chiriqui Grande Rd (USNM 1428, 1519).
A: PE: depto. Loreto; 20 km NE Tarapoto, 1050 m (LSUMZ 5386); 28
km NE Tarapoto, 750 m (LSUMZ 5486). Outgroup: E. condamini
(FMNH 1076). Trogon rufus (Trogonidae): C: EC: provo Esmeraldas;
ca 20 km NNW Alto Tambo, 275 m (ANSP 2207, 2305, 2380). CA:
PA: provo Bocas del Toro; Zegla, S. bank Rio Teribe, confluence with
Rio Changuinola (USNM 1919). A: PE: depto. Loreto; Lower Rio Napo,
E. bank Rio Yanayacu (LSUMZ 4176,4256). Outgroup: T. mexican us
(FMNH MEX264). Baryphthengus martii (Momotidae): C: EC: provo
Esmeraldas; ca. 20 km NNW Alto Tambo, 275 m (ANSP 2260,2281,
2442); "EI Placer, ca. 670 m" (LSUMZ 11871,11893). CA: PA: provo
Bocas del Toro; Isla San Cristobal, Bocatorito (USNM 285, 363); Val-
iente Peninsula, Punta Alegre, N. Bahia Azul (USNM 1306, 1341). A:
EC: provo Morona-Santiago; ca. 5 km SW Taisha (ANSP 2680). PE:
depto. Loreto; 1 km N Rio Napo, 157 km by river NNE Iquitos (LSUMZ
2817, 2866); S Rio Amazonas, ca. 10 km SSW Rio Napo (LSUMZ
5050); 5 km N Amazonas 85 km NE Iquitos 110m (LSUMZ 6850).
Automolus rubiginosus (Furnariidae-Furnariinae): C: EC: provo Esmer-
aldas; "EI Placer, ca. 670 rn" (LSUMZ 11723, 11736, 11806-7, 11818).
A: PE: depto. Ucayali; W. bank Rio Shesha, 65 km ENE Pucallpa
(LSUMZ 10684). PE: depto. San Martin; 20 km NE Tarapoto by road,
1050 m (LSUMZ 5388). Sclerurus mexican us (Furnariidae-Furnariinae):
C: EC: provo Esmeraldas; ca. 20 km NNW Alto Tambo, 275 m (ANSP
2410); "EI Placer, ca. 670 m" (LSUMZ 11742, Il813). CA: PA: prov.
Chiriqui; 12.6 rd km N Los Planes, GuaIac a-Chiriqui Grande Rd
(USNM 1464). CR: provo Heredia, 4 km SE Virgen del Socorro
(LSUMZ 16042). A: PE: depto. Loreto: 1 km N Rio Napo, 157 km by
river NNE Iquitos (LSUMZ 2650); S Rio Amazonas, 10 km SSW Rio
Napo (LSUMZ 4595). Outgroup: S. rujigularis (FMNH SML86-203).
Xenops minutus (Furnariidae-Furnariinae): C: EC: provoEsmeraldas; ca.
20 km NNW Alto Tambo, 275 m (ANSP 2227, 2315); "EI Placer, ca.
670 m" (LSUMZ I 1948). CA: PA: prov, Bocas del Toro; Valiente
Peninsula, Punta Alegre, N. Bahia Azul (USNM 1283, 1302, 1400). A:
EC: provo Morona-Santiago; ca. 5 km SW Taisha (ANSP 1484, 1501).
PE: depto. Loreto; Lower Rio Napo, E. bank Rio Yanayacu (LSUMZ
4244). Outgroup: X. mil/eri (FMNH SML86-86). Dendrocincla fuligi-
nosa (Furnariidae-Dendrocolaptinae): C: EC: provo Esmeraldas; "EI
Placer, ca. 670 rn" (LSUMZ 11923, 11927). A: PE: depto. Loreto
(LSUMZ 4338, 4649). Dendrocolaptes certhia (Furnariidae-Dendro-
colaptinae): C: EC: provo Esmeraldas; ca. 20 km NNW Alto Tambo,
275m (ANSP 2179, 2252, 2284-5, 2374, 2390). CA: ME: Veracruz;
Sierra de Santa Martha (FMNH MEXI 16). A: EC: provo Morona-San-
tiago; ca. 5 km SW Taisha (ANSP 2655, 2660). Outgroups: D. concolor
(LSUMZ 15092), D. picumnus (LSUMZ 6637). Glyphorynchus spirurus
(Furnariidae-Dendrocolaptinae): C: EC: provo Esmeraldas; ca. 20 km
NNW Alto Tambo, 275 m (ANSP 2413, 2431); "EI Placer, ca. 670 m"
(ANSP 11878, 11916, 11976). CA: CR: provo Heredia; "Starky's
Woods," ca. 4 km SE Puerto Viejo (LSUMZ 12205); 4 km SE Virgen
del Socorro (LSUMZ 16025); provo Puntarenas; Marenco Biological
Station (LSUMZ 16111); prov. Limon; 11 km by road W Guapiles
(LSUMZ 16291, 16300). A: EC: provo Morona-Santiago; ca 5 km SW
Taisha (ANSP 2478, 2483, 2534); W. slope of Cordillera del Cutucu
on trail from Lagrone to Yaupi, 1075 m (LSUMZ 5967, 5993). Myr-
motherula axil/aris (Thamnophilidae): C: EC: provo Esmeraldas; ca. 20
km NNW Alto Tambo, 275 m (ANSP 2115, 2271, 2362, 2430). CA:
PA: provo Bocas del Toro; Isla San Cristobal, Bocatorito (USNM 356);
Cayo Agua, near Punta Limon (USNM 1099, 1104, 1122, 1166). A:
PE: depto. Loreto; I km N Rio Napo, 157 km by river NNE Iquitos
(LSUMZ 2512, 2644); Lower Rio Napo, E. bank Rio Yanayacu
(LSUMZ 4154). EC: provo Morona-Santiago; ca. 5 km SW Taisha
(ANSP 1479). Mierorhopias quixensis (Thamnophilidae): C: EC: provo
Esmeraldas; ca. 20 km NNW Alto Tambo, 275 m (ANSP 2254, 2372-
3). CA: PA: prov. Bocas del Toro; Valiente Peninsula, Punta Alegre,
N. Bahia Azul (USNM 1232B); Tierra Oscura, mainland S. of Isla San
Cristobal (USNM 427). A: PE: depto. San Martin; 28 km NE Tarapoto,
750 m (LSUMZ 5517); depto. Loreto: 5 km N Amazonas 85 km NE
Iquitos, 110m (LSUMZ 6916); depto. Ucayali: SE. slope Cerro Ta-
huayo, ca. ENE Pucallpa (LSUMZ 11032). Outgroups: Myrmotherula
axil/aris (ANSP 2115), M. fulviventris (ANSP 2315), Myrmoborus
myotherinus (LSUMZ 11025). Gymnopithys leucaspis (Thamnophili-
dae): C: EC: provo Esmeraldas; "EI Placer, ca. 670 m." CA: CR: provo
Puntarenas; Peninsula de Osa. A: PE: depto. Loreto; I km N Rio Napo,
157 km by river NNE Iquitos; N Rio Amazonas; E Rio Yanayacu.
Outgroup: G. rujigula. Mionectes olivaceus (Tyrannidae-Tyranninae):
C: EC: provo Esmeraldas; ca. 20 km NNW Alto Tambo, 275 m (ANSP
2086, 2088, 2118, 2411). CA: PA: provo Chiriqui; 12.6 rd km N Los
Planes, Gualaca-Chiriqui Grande Rd (USNM 1410, 1438, 1471). CR:
provoLimon, 11 km by road W Guapiles (LSUMZ 16292). A: EC: provo
Morona-Santiago; ca 5 km SW Taisha (ANSP 2470); Oeste de Cord.
Cutucci-Youpi, 1100 m (LSUMZ 5963). PE: depto. San Martin; 28 km
NE Tarapoto, 1050 m (LSUMZ 5379); depto. Pasco; km 41 on Villa
Rica-Puerto Bermudez Highway (LSUMZ 2019,2023). Outgroup: M.
striaticollis (LSUMZ 1824). Myiophobus phoenicomitra (Tyrannidae-
Tyranninae): C: EC: provoEsmeraldas; "EI Placer, ca. 670 m" (LSUMZ
11773, 11789-90, 11911, 11945, 11967, 11993). A: PE: depto. San
Martin; 15 km NE Jirillo, 1350 m (LSUMZ 5580, 5601). Myiobius
barbatus/M. sulphureipygius (Tyrannidae-Tyranninae): C: EC: provoEs-
meraldas; ca 20 km NNW Alto Tambo, 275 m (ANSP 2096, 2100, 2182,
2213,2433). CA: PA: provo Chiriqui; 24 rd km N Los Planes/Gualaca-
Chiriqui Grande Road (USNM 1510). A: PE: depto. Loreto; 1 km N
Rio Napo, 157 km by river NNE Iquitos (LSUMZ 2746, 2822); depto.
Loreto; Lower Rio Napo, E. bank Rio Yanayacu (LSUMZ 4452); depto.
Loreto; S Rio Amazonas, ca. 10 km SSW Rio Napo (LSUMZ 4621,
4724). Tityra semifasciata (Tyrannidae-Tyranninae): C: EC: provo Es-
meraldas; ca. 20 km NNW Alto Tambo, 275 m (ANSP 2326, 2377).
CA: PA: proVo Bocas del Toro; Tierra Oscura, mainland S. of Isla San
Cristobal (USNM 412). BE: proVo Toledo; Forestry camp (Salamanca)
1 km NNE (LSUMZ 8754). A: EC: provo Morona-Santiago; ca 5 km
SW Taisha (ANSP 1546). PE: depto. Ucayali: W. bank Rio Shesha, 65
km ENE Pucallpa (LSUMZ 10608). Outgroup: T. inquisitor (FMNH
SML88-196). Chloropipo holochlora (Tyrannidae-Piprinae): C: EC:
provo Esmeraldas; ca. 20 km NNW Alto Tambo, 275 m (ANSP 2087,
2092,2101,2136,2148). A: EC: provo Morona-Santiago; ca. 5 km SW
Taisha (ANSP 2528, 2551). PE: depto. Pasco; km 41 on Villa Rica-
Puerto Bermudez highway (LSUMZ 2025, 2048, 2052); depto. San
Martin; 20 and 28 km NE Tarapoto by road, 750 m (LSUMZ 5464,
5505). Microcerculus marginatus/M. luscinia (Troglodytidae): C: EC:
provo Esmeraldas; ca. 20 km NNW Alto Tambo, 275 m (ANSP 2248,
DIVERSIFICATION IN NORTHWESTERN SOUTH AMERICA 1617
2286, 2408). CA: PA: provo Bocas del Toro; Valiente Peninsula, Punta
Alegre, N. Bahia Azul (USNM 1333, 1406); provo Chiriqui; 12.6 rd km
N Los Planes, Gualaca-Chiriqui Grande Rd (USNM 1426, 1563). A:
EC: provo Morona-Santiago; ca. 5 km SW Taisha (ANSP 1504, 1556,
2518); PE: depto. Loreto; 1 km N Rio Napo, 157 km by river NNE
Iquitos (LSUMZ 2513,2640). Outgroup: M. ustulatus (LSUMZ 7393,
7478, 7498, 7572). Cyphorhinus aradus/C. phaeocephalus (Troglody-
tidae): C: EC: provo Esmeraldas; ca 20 km NNW Alto Tambo, 275 m
(ANSP 2091,2329,2332,2437). CA: PA: provo Bocas del Toro; Tierra
Oscura, mainland S. of Isla San Cristobal (USNM 443). A: PE: depto.
Loreto; S. bank Marafi6n River along Samaria River (LSUMZ 3503,
3614,3615); Rio Napo, E. bank Rio Yanayacu (LSUMZ 4127, 4195).
Outgroup C. thoracicus (FMNH). Microbates cinereiventris (Muscicap-
idae): C: EC: provo Esmeraldas; ca. 20 km NNW Alto Tambo, 275m
(ANSP 2283,2336). A: EC: provo Morona-Santiago; ca. 5 km SW Taisha
(ANSP 2526, 2589). Turdus albicollts/T. assimilis (Muscicapidae): C:
EC: provo Esmeraldas; ca. 20 km NNW Alto Tambo, 275 m (ANSP
2289, 2316, 2359, 2389). CA: PA: provo Bocas del Toro; 4 km W.
Chiriqui Grande, 10 m USNM 1972). A: EC: provo Morona-Santiago;
ca. 5 km SW Taisha (ANSP 2489, 2576). PE: depto. Loreto; 1 km N
Rio Napo, 157 km by river NNE Iquitos (LSUMZ 2555, 2780, 2782,
2814). Outgroup: Turdus migratorius (ISU 140). Chlorophanes spiza
(Emberizidae-Thraupinae): C: EC: provo Esmeraldas; ca. 20 km NNW
Alto Tambo, 275 m (ANSP 2453). CA: PA: provo Bocas del Toro; Isla
San Cristobal, Bocatorito (USNM 295); Tierra Oscura, mainland S. of
Isla Cristobal (USNM 469, 536-7); Valiente Peninsula, Punta Alegre,
N. Bahia Azul (USNM 1243). A: PE: Loreto; 1 km N Rio Napo, 157
km by river NNE Iquitos (LSUMZ 2696, 2727). Outgroup: Cyanerpes
caerulescens (LSUMZ 5404). Tersina viridis (Ernberizidae-Thraupinae):
C: EC: provo Esmeraldas; "El Placer, ca. 670 m" (LSUMZ 11788,
11794). A: PE: depto. Loreto; 1 km N Rio Napo, 157 km by river NNE
Iquitos (LSUMZ 2632, 2914). Pitylus grossus (Emberizidae-Cardueli-
nae): C: EC: provo Esmeraldas; ca. 20 km NNW Alto Tambo, 275 m
(ANSP 2398, 2457); "E! Placer, ca. 670 m" (LSUMZ 11942-3). CA:
PA: provo Bocas del Toro; Valiente Peninsula, Punta Alegre, N .Bahia
Azul (USNM 1292). CR: provo Heredia; Finca La Fortuna, 4 km SE
Virgen del Socorro (LSUMZ 16063). A: PE: depto. Ucayali; SE. slope
Cerro Tahuayo, ENE Pucallpa (LSUMZ 11086). BO: depto. Santa Cruz;
Velasco, Parque Noel Kempff Mercado, 86 km ESE Florida (LSUMZ
18432).
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ApPENDIX B
Genetic loci and allelic frequencies for taxa examined in this
study. Locus acronyms follow Harris and Hopkinson (1976). UNK
represents an unknown background locus that appeared after stain-
ing for ME. Catalog numbers for individuals not scored are listed
next to locus designation. Most anodal allele coded as "a," second
most anodal coded as "b," and so forth.
Geotrygon saphirina: The following loci were fixed for the same
allele in all taxa: CK, FUM, GDA, GLUD, GOT!, GOT2, ClGPD,
GPI, ICD2, LDH, MDHl, MDH2, MEl, ME2, MPI, NADPH, PEP-
LA, PEP-LGG2, PGD, PGMl, PK, SODl, SOD2, UNK.
Locus Choc6 Amazonia
ADA a (0.167) b
b (0.833)
ES-MA b a (0.167)
b (0.833)
ES-NP a (0.677) b
b (0.333)




PEP-LGG! a (0.833) a
b(0.167)




Locus Choco America Amazonia
ClGPD a a (0.375) a (0.167)
b (0.625) b (0.833)
GPI b a (0.250) b
b (0.750)
GSR a a a (0.833)
b (0.167)
ICD2 b a (0.250) a (0.167)
b (0.750) b (0.833)
LDH a (0.500) a a
b (0.500)
MPI b b a (0.167)
b (0.833)
NP (551 and 277 not scored) a a (0.750) a (0.500)
b (0.250) b (0.500)
PEP-LA c b a (0.167)
b (0.833)
Threnetes ruckeri/T. leucurus: The following loci were fixed for the
same allele in all ingroup taxa: ADA, CK, EAp, ES-MA, ES-NP1,
GDA, ClGPD, GLUD, GOT!, GOT2, GSR, ICD1, ICD2, LDH,
MDHl, MDH2, MEl, ME2, MPI, NADPH, GPI, PEP-LGG2,
PGM1, PGM2, PK, SOD!, SOD2.
a (0.333) a (0.333)












c (0.125) a (0.500)














Amazona farinosa: The following loci were fixed for the same allele
in all taxa: ACp, ADA, AK, EAP, ES-MA, ES-NPl, ES-NP2,
ES-NP3, FUM, GDA, GLUD, GOT!, GOT2, ClGPD, GPI, GSR,
MDHl, MDH2, MEl, ME2, MPI, NADPH, PEP-LA, PEP-LGG,
PGD, PGMl, PGM2, SODl, SOD2, SORDH.
Locus Choco Amazonia
ICDI a (0.333) c
b (0.333)
c (0.333)
ICD2 a (0.667) a
b (0.333)
LDH a (0.333) b
b (0.667)




Pyrrhura melanura: The following loci were fixed for the same
allele in all taxa: ACP, ADA, AK, CK, EAP, ES-MA, ES-NP1, FUM,
GDA, GLUD, GOT!, GOT2, GPI, GSR, ICD1, ICD2, LDH, MDH1,
MDH2, MEl, ME2, MPI, NADPH, PEP-LA, PEP-LGG, PGD,






























NP (11845 not scored) a (0.500) a (0.250)
b (0.500) b (0.250)
c (0.500)
PGM2 (11845 not scored) b a
Eutoxeres aquila: The following loci were fixed for the same allele
in all ingroup taxa: ADA, CK, EAp, ES-MA, ES-NP1, ES-NP2,
FUM, GDA, GLUD, GOT!, GOT2, ClGPD, GPI, GPT, GSR, LDH,
MDH1, MDH2, MEl, ME2, MPI, PEP-LGG2, PGD, PGM2, PK,
SOD1, SOD2, SORDH.
Central E.
Choco America Amazonia condamini
a (0.167) b b a
b (0.333)
c (0.500)
a (0.167) a (0.500) b b
b (0.833) b (0.500)
ICD1
Locus
NP (1428 and 2041
Central not scored)
Choco America Amazonia -----------------------Locus
Pionus menstruus: The following loci were fixed for the same allele
in all ingroup taxa: ADA, AK, CK, EAP, FUM, GDA, GLUD,
GOT!, GOT2, ICD1, MDH1, MDH2, MEl, ME2, PEP-LGG!, PEP-
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ApPENDIX B. Continued. ApPENDIX B. Continued.
Automolus rubiginosus: The following loci were fixed for the same
Central E. allele in all taxa: AK, CK, EAp, FUM, GDA, GLUD, GOT2, uGPD,
Locus Choc6 America Amazonia condamini GPI, MDHI, MDH2, MEl, ME2, MPI, PEP-LA, PEP-LGG, PGD,
PEP-LA a (0.833) a a
PGMI, PK, SODI, SOD2, SORDH.
a
b (0.167)
Locus Choc6 AmazoniaPEP-LGG! b b (0.667) a b
c (0.333) ADA a (0.100) b (0.250)
PGMI b a (0.167) b b c (0.300) d (0.750)
b (0.833) d (0.600)
UNK a a (0.667) a a ES-MA a (0.750)
b (0.333) a b (0.250)
GOT! a (0.100) b
Trogon rufus: The following loci were fixed for the same.allele in b (0.900)
all ingroup taxa: ACON2, ADA, AK, EAp, ES-NP3, FUM, GDA, ICD! a (0.100) b
GLUD, GOT!, uGPD, GPI, GPT, ICD2, PEP-LA, PEP-LGGI, PEP- b (0.900)
LGG2, MDHI, MDH2, MEl, ME2, MPI, PGD, PGM2, PK, SOD2. ICD2 a (0.900) a
b (0.100)
Central T. LDH b a (0.250)
Locus Choco America Amazonia mexicanus b (0.750)
NP a (0.500) b
CK a (0.333) b b b b (0.500)
b (0.667) PGM2 a (0.100) b
ES-MA a a a (0.750) a b (0.900)
b (0.250) UNK b a (0.250)GSR a a a (0.750) b b (0.750)c (0.250)
ICDI a (0.167) c (0.500) b (0.500) b
b (0.833) e (0.500) d (0.500) Sclerurus mexicanus: rufus: The following loci were fixed for the
LDH a(0.167) b b c same allele in all ingroup taxa: ADA, AK, EAP, ES-MA, FUM,
b (0.833) GLUD, GOT!, uGPD, GPI, ICD2, LDH, MDHI, MDH2, MEl,
PGMI a (0.167) b a a ME2, PEP-LA, PEP-LGG, PK, SOD!.
b (0.833)
UNK a (0.167) c c b
c (0.833) Central S.
Locus Choco America Amazonia rufigularis
Baryphthengus martii: The following loci were fixed for the same ICDI (2650 b b a (0.500) b
allele in all ingroup taxa: ACONI, ACON2, ADA, AK, CK, EAP, not scored) b (0.500)
ES-NP3, GDA, GLUD, GOT!, GPI, GPT, ICDI, LDH, MDHI, NP b a (0.250) b b
MDH2, MEl, ME2, MPI, NADPH, PEP-LA2, PEP-LGG2, PGMI, b (0.750)
PGM2, PK. PGD a a b b
PGMI a c a b
Central PGM2 b a b b
Locus Choco America Amazonia SORDH b b a b
UNK (2650 a (0.167) b a (0.500) b
ES-MA b a (0.125) b (0.700) not scored) b (0.833) b (0.500)
b (0.875) c (0.200)
d (0.100)
ES-NPI a a (0.750) a Xenops minutus: The following loci were fixed for the same allele
b (0.250) in all ingroup taxa: CK, EAp, ES-MA, GDA, GLUD, GOT!, GOT2,
ES-NP2 a (0.900) a (0.875) a (0.900) GPI, lCD!, MDHl, MDH2, MEl, ME2, MPI, NADPH, PEP-LGG!,
b (0.100) b (0.125) b (0.100) PEP-LGG2, PGMI, PGM2, SOD!, SOD2, SORDH.
FUM b a (0.125) b
b (0.875) Central X.
GOT2 a a a (0.900) Locus Choco America Amazonia millerib (0.100)
uGPD a a a (0.900) ACONI a (0.167) b b c
b (0.100) b (0.833)
GSR b b a ADA a (0.167) b b c (0.500)
ICD2 a a a (0.900) b (0.833) d (0.500)
b (0.100) ES-NPI b (0.167) b (0.333) d (0.833) a
PEP-LA I b (0.900) b a (0.100) c (0.833) c (0.500) e (0.167)
c (0.100) b (0.900) e (0.167)
PEP-LGG! a (0.100) b b
b (0.900) ES-NP2 b (0.167) c c a
PGD (5050 b b a (0.250) c (0.833)
not scored) b (0.625) FUM a a a (0.833) a
c (0.125) b (0.167)
SOD! a (0.200) b b uGPD d d c a (0.500)
b (0.800) b (0.500)
SORDH b b a GPT c c b (0.833) a
UNK b b a (0.200) c (0.167)
b (0.800) GSR a (0.167) b a (0.833) a (0.500)
b (0.833) b (0.167) b (0.500)
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Dendrocinclafuliginosa: The following loci were fixed for the same
allele in all taxa: AK, CK, EAp, ES-MA, ES-NP2, FUM, GDA,
GLUD, GOT!, GOT2, aGPD, GPT, ICD2, LDH, PEP-LGGl, PEP-
LGG2, MDH1, MDH2, MEl, ME2, MPI, Np, PGD, PGM1, PGM2,
PK, SODl, SOD2, SORDH.
Dendrocolaptes certhia: The following loci were fixed for the same
allele in all ingroup taxa: AK, CK, EAP, FUM, GDA, GLUD, GOT!,
GOT2, GPI, GPT, ICD1, ICD2, MDH1, MDH2, MEl, ME2,




Locus Choc6 America Amazonia milleri
LDH a a b a
PEP-LA a a b (0.833) b
c (0.167)
PGD b (0.167) b (0.667) a (0.167) d
c (0.500) d (0.333) b (0.833)
d (0.333)
PK a a a (0.167) b
b (0.833)
Locus Choc6 Amazonia
ADA b (0.250) a (0.250)
c (0.250) c (0.750)
d (0.500)
ES-NP1 a a (0.500)
b (0.500)
GPI a (0.250) b
b (0.750)
GSR a (0.250) b (0.750)
b (0.750) c (0.250)
ICDI b a (0.250)
b (0.750)






Central Amazo- fulvi- therula ther-
Locus Choc6 America nia ventris axillaris inus
CK b b a (0.167) c d c
b (0.833)
ES- a (0.333) a (0.250) c d a (0.500) b
NPI c (0.333) c (0.500) b (0.500)
d (0.333) d (0.250)
GPT e (0.833) e c (0.167) e (0.500) a b
f (0.167) d (0.167) f (0.500)
e (0.667)
GSR c c b (0.167) a (0.500) d c
c (0.833) c (0.500)
ICD! b (0.500) b b (0.667) d b a
c (0.500) c (0.333)
PEP- c c a (0.333) c b (0.500) c
LGG c (0.500) c (0.500)
d (0.167)
SORDH a (0.167) b b b c b
b (0.833)
Central
Locus Choc6 America Amazonia
ADA b (0.100) b (0.100) a (0.100)
e (0.700) e (0.600) c (0.100)





ES-NPI b a (0.200) b
b (0.800)
ES-NP2 a (0.300) b a (0.300)
b (0.600) b (0.700)
c (0.100)
GDA b b a (0.200)
b (0.800)
GOT2 a a a (0.900)
b (0.100)
ICD! a a a (0.800)
b (0.200)
LDH a a b
MPI a (0.900) a a
b (0.100)
PEP-LA b (0.900) a (0.100) b
c (0.100) b (0.900)
PEP-LGGl a a a (0.900)
b (0.100)
PGD a a (0.900) a (0.900)
b (0.100) b (0.100)
PGM2 a a a (0.900)
b (0.100)
SORDH b b a (0.400)
b (0.500)
c (0.100)
UNK a a (0.900) a
b (0.100)
Microrhopias quixensis: The following loci were fixed for the same
allele in all ingroup taxa: ACON1, ACON2, ADA, AK, EAp,
ES-MA, FUM, GDA, GLUD, GOT!, GOT2, GPI, LDH, MDH1,
MDH2, MEl, ME2, MPI, NADPH, PEP-LA!, PEP-LA2, PGD,
PGM1, PGM2, PK, SOD1, SOD2.
ApPENDIX B. Continued.
Glyphorynchus spirurus: The following loci were fixed for the same
allele in all ingroup taxa: CK, EAp, ES-MA, FUM, GLUD, GOT!,
aGPD, GPI, GPT, ICD2, MDH1, MDH2, MEl, ME2, NADPH, Np,
PEP-LGG2, PGM1, PK, SOD1, SOD2.
Central D. D.
Choc6 America Amazonia concolor picumnus
a (0.083) e c (0.500) c d (0.500)
b (0.250) e (0.500) f (0.500)
e (0.677)
b b a (0.250) b b
b (0.750)
a (0.083) b a (0.750) d b
b (0.250) d (0.250)
c (0.167)
e (0.500)
a (0.833) a a a a
b (0.167)
b b b (0.750) c a
d (0.250)
a (0.083) b b b b
b (0.917)
c c a (0.250) a b
c (0.750)
a (0.833) a c c b
c (0.167)
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ApPENDIX B. Continued.
Myrmotherula axillaris: The following loci were fixed for the same
allele in all ingroup taxa: ACON1, AK, CK, DIA, EAP, ES-MA,
FUM, GDA, GLUD, GOn, GOT2, GPI, IC01, ICD2, MDH1,
MDH2, MEl, ME2, MPI, NADPH, PEP-LA, PEP-LGG, PGD, PK,
SOD1, SORDH.
ApPENDIX B. Continued.
Myiophobus phoenicomitra: The following loci were fixed Jar the
same allele in all taxa: ADA, AK, CK, EAP, FUM, GDA, GLUD,
GOn, GOT2, aGPD, GPT, ICD1, ICD2, LDH, MDHl, MDH2,
MEl, ME2, MPI, PGM1, PGM2, PK, SOD1, SOD2, SORDH, UNK.
Central M. striati-
Locus Chaco America Amazonia collis
Mionectes olivaceus: The following loci were fixed for the same
allele in all taxa: CK, EAP, FUM, GDA, GLUD, GOn, GOT2,
GPT, ICD1, ICD2, MDH1, MDH2, MEl, ME2, NADPH, PEP-LA!,
PEP-LGG2, PGM1, PGM2, PK, SOO1, SOD2.
Central
Chaco America Amazonia
Myiobius barbatus/M. sulphureipygius: The following loci were
fixed for the same allele in all taxa: CK, EAp, GDA, GLUD, GOn,
GOT2, aGPD, GPI, ICD2, LDH, MDH1, MDH2, MEl, ME2, MPI,
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ApPENDIX B. Continued.
Microbates cinereiventris: The following loci were fixed for the
same allele in all taxa: ADA, CK, EAP, ES-MA, GDA, GLUD,
GOT!, GOT2, exGPD, GPI, ICD2, MDHl, MDH2, MEl, ME2, MPI,
NADPH, PEP-LA2, PEP-LGGl, PEP-LGG2, PGMl, PGM2, PK,
SODl, SOD2.
ApPENDIX B. Continued.
Chlorophanes spiza: The following loci were fixed for the same
allele in all taxa: AK, CK, EAp, GDA, GLUD, GOT!, GOT2, exGPD,
ICD2, LDH, MDHl, MDH2, MEl, ME2, MPI, PEP-LAl, PEP-
LGG2, PGD, PGMl, PGM2, PK, SODl, SORDH.
Cyanerpes
Locus Chaco Amazonia Central caerules-
AK a (0.250)
Locus Chaco America Amazonia cens
a
b (0.750) ADA a a a (0.750) b
ES-NPI a (0.250) a (0.500) c (0.250)
c (0.750) b (0.500) ES-MA a a (0.800) a a
FUM a (0.750) b b (0.200)
b (0.250) FUM a (0.500) a (0.300) a (0.250) b
GPT a b b (0.500) b (0.700) b (0.750)
GSR a (0.750) a GPI c c a (0.250) c
b (0.250) b (0.250)
ICD! a (0.250) b c (0.500)
b (0.750) GPT b b (0.900) b a
LDH b a (0.250) c (0.100)
b (0.750) GSR a b b a
PEP-LA1 a (0.500) a (0.750) ICD! b a (0.100) b c
b (0.500) b (0.250) b (0.900)
PGD b a NADPH a a (0.900) a a
b (0.100)
Turdus albicollis/T. assimilis: The following loci were fixed for the NP a b b (0.250) c
same allele in all ingroup taxa: ACONl, ACON2, EAP, ES-MA, d (0.500)
FUM, GDA, GLUD, GOT!, GOT2, exGPD, GPI, lCD!, ICD2, e (0.250)
MDHl, MDH2, MEl, ME2, PEP-LA2, PEP-LGG2, PGM2, PK, PEP-LA2 a a a (0.750) a
SOD!, SOD2. b (0.250)
PEP-LGGl b b a (0.750) a
Central T. b (0.250)
Locus Chaco America Amazonia migratorius SOD2 b b a (0.500) a
ADA b a (0.500) b b
b (0.500)
b (0.500)
UNK b c c a
CK (2555 b b a (0.100) b
not scored) b (0.900) Tersina viridis: The following loci were fixed for the same allele
ES-NPI b b a (0.083) b in all taxa: ACp, ADA, AK, CK, EAP, ES-MA, FUM, GDA, GLUD,
b (0.917) GOT!, GOT2, exGPD, GPI, GPT, GSR, ICD2, LDH, MDHl, MDH2,
ES-NP2 b (0.125) d d (0.833) a MEl, ME2, MPI, NP, PGMl, PGM2, PK, SOD!, SOD2, SORDH,
c (0.750) e (0.167) UNK.
e (0.125)
GPT (2555 a (0.125) a (0.500) b b Locus Chaco Amazonia
not scored) b (0.875) b (0.500)
ICD! b a (0.250)GSR d b (0.500) b (0.167) a
d (0.500) c (0.167) b (0.750)
d (0.250) PEP-LA a (0.250) b
e (0.250) b (0.750)
f (0.167) PEP-LGG b (0.250) a (0.250)
LDH (2555 a a a (0.100) b c (0.750) b (0.750)
not scored) c (0.900) PGD a (0.250) b
MPI (2555 b b a (0.100) b b (0.750)
not scored) b (0.900)
NP (2555 a (0.375) b b b Pitylus grossus: The following loci were fixed for the same allele
not scored) b (0.625) in all taxa: ADA, CK, EAp, ES-MA, FUM, GDA, GLUD, GOT2,
PEP-LGGl a (0.125) b a (0.083) b GPT, ICD2, MDHl, MDH2, MEl, ME2, MPI, NADPH, Np, PEP-
b (0.625) b(0.917) LAl, PEP-LGG2, PGMl, PGM2, SODl, SOD2.
c (0.250)
PGD a a a (0.917) b Centralc (0.083) Locus Choco America AmazoniaPGMI (2555 b b a (0.100) b
not scored) b (0.900) ES-NPI a (0.875) a a
SORDH (2555 c c a (0.100) b b (0.125)
not scored) c (0.800) GOT! b a (0.250) b
d (0.100) b (0.750)
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ApPENDIX B. Continued.
Central
Locus Choc6 America Amazonia
aGPD a a a (0.750)
b (0.250)
GPI b b a (0.250)
b (0.750)
GSR b b a (0.250)
b (0.750)
ICDI a (0.125) b b (0.750)
b (0.875) c (0.250)
LDH a (0.125) b b
b (0.875)
PEP-LGGl a (0.125) b b
b (0.875)
PGD a (0.250) b (0.750) b
b (0.750) c (0.250)
PK b a (0.250) b
b (0.750)
SORDH b a (0.250) b
b (0.750)
UNK a (0.250) b b (0.750)
b (0.750) c (0.250)
